An energy-storage buoyancy regulating system is proposed in order to help underwater robot to float upward and dive downward vertically with low energy consumption. Firstly, principle analysis and system design of underwater buoyancy regulating system are carried out based on the principle of accumulator. After that, we analyze the special performance requirements for system components in deep-sea operating environment, carry out model selection and reliability analysis for main system components (accumulator and hydraulic pump) and build the experimental prototype. Finally, based on the experimental prototype that has been built and under the circumstance of simulating the deep-sea pressure, we carry out function and performance experiment of the system according to the experimental method and procedure that have been designed in advance. The results of pressure experiment indicate that the energy-storage buoyancy regulating system can meet the requirements of anticipated performance index.
INTRODUCTION
When underwater robot is operating in deep sea, the movement of floating upward and diving downward vertically can be realized with the help of propeller thrust [1] . Besides, it can also be realized by using the buoyancy regulating system carried to compensate or regulate the force in vertical direction to reach certain depth or height, or float upward and dive downward without power. The operation energy consumption is too high by using propeller or conventional underwater buoyancy regulating system. For underwater robots that bring their energy resources, such as lander and autonomous underwater vehicle (AUV), the power consumption should not be too big when they float upward and dive downward so that a new type of energy-saving buoyancy regulating method is required [2] .
Buoyancy regulating system was firstly applied to marine submerged buoy system with the purpose of driving the submerged buoy system to float upward and dive into the water vertically along the profile of the ocean [3] . Afterward, buoyancy regulating system was successfully applied to underwater glider, and controllable sailing of glider driven by buoyancy within a large range was achieved [4] . By far, buoyancy regulating system can be divided into two types: volume-variable type and ballast-adjustable type [5] . The volume-variable type operates by means of the hydraulic system. By charging or discharging oil into an oil bag, the volume of displacement of the oil bag can be changed, so that the buoyancy can be regulated. This method is a relatively mature technology. Generally, elements on land can be used underwater directly. However, if we want to obtain bigger regulating variable, much more hydraulic oil is required to be carried for buoyancy regulating, which will significantly increase the volume and power consumption of the buoyancy regulating system [6, 7] . For this reason, at present, the volumevariable type is mainly applied to small underwater vehicle, such as autonomous underwater vehicle (AUV) and underwater glider [8, 9] . The other one is ballast-adjustable type, which changes the weight of submersible by means of load rejection, releasing metal balls and sucking and discharging sea water. Today, most of the human occupied vehicles in the world realize buoyancy regulating by applying seawater hydraulic technology [10] [11] [12] [13] [14] . This method uses sea water pump to charge and discharge sea water so as to change the weight. Its advantage is that it is easy to obtain the regulating medium and get big regulating variable. Nevertheless, the seawater hydraulic technology is not mature enough, the cost is quite high, and it does not have energy-saving effect [15] . This paper proposes an energy-storage buoyancy regulating method that uses accumulator as the hydraulic oil source of buoyancy regulating system. A certain pressure is charged before diving downward, and the operating differential pressure of inlet and outlet of hydraulic pump is reduced so as to effectively lower the system power consumption of underwater buoyancy regulating and obtain big regulating variable. It is suitable for lander, glider, autonomous underwater vehicle and other underwater robots that bring their own energy resources.
II. DESIGN OF BUOYANCY REGULATING SYSTEM

A. System design indexes
The design indexes of energy-storage buoyancy regulating system are shown in Table 1 . Table 1 Design indexes of buoyancy regulating system operation depth regulation rate of regulation 3000m 60L 10L/min
B. Design of system principles
The principle design of buoyancy regulating system is shown as Fig. 1 . The hydraulic oil is transferred between the accumulator and the oil capsule, and the system buoyancy can be adjusted by changing volume of the oil capsule. The oil capsule is exposed to the outside seawater, and the balance between the pressure of inside hydraulic oil and the outside seawater pressure is maintained. If buoyancy needs to be increased, open the switching valve 2 and start the motor pump unit. The oil in the accumulator is discharged into the oil capsule so as to increase the volume of the oil capsule. At the moment, the oil in the accumulator is reduced and the internal pressure is lowered gradually. If buoyancy needs to be reduced, open the switching valve 1 and the seawater pressure will squeeze the hydraulic oil back into the accumulator. A speedregulating throttle valve is used to regulate the oil flow and control the speed at which the buoyancy decreases. The relation between the power consumed by the motor and the pump differential pressure of inlet and outlet is as follows:
Where: m P is the input power of motor,  is the total transmission efficiency, q is the output flow of pump, and pump P  is the pump differential pressure of inlet and outlet.
Compared with general buoyancy regulating system, when accumulator is adopted as oil source of the system, the interior of accumulator is charged with the same pressure as the target diving depth. When the buoyancy regulating system is working underwater, the pump P  in above formula will increase from 0, which greatly lowers the system energy consumption.
III. ANALYSIS AND EXPERIMENT OF BUOYANCY REGULATING SYSTEM
A. System analysis When the energy-storage buoyancy regulating system is operating under water, the operating environment of components of hydraulic system is special, which mainly includes two aspects: the first one is the pressure of deep sea exerted on the exterior of the system. Secondly, the oil inside accumulator is discharged, which causes the pressure inside the hydraulic system, especially the pressure of the oil inlet of hydraulic pump to be lower than the deep-sea pressure. Considering these two special environmental factors, the system cannot be designed merely by conventional hydraulic system. The performance and reliability of system components should be taken into full consideration.
As is shown in Fig. 2 , carbon fiber energy accumulator is characterized by lightweight, big volume and high rated value of internal pressure. During the working process of the system, the housing of the energy accumulator sustains alternating stress. It will sustain internal pressure before diving into the water, and the internal pressure and the external pressure will be nearly balanced when it reaches the target operating depth. When the hydraulic pump discharges the oil inside the energy accumulator out into the external cabin, the pressure inside the energy accumulator decreases, and the housing will be under external pressure. Since it is easy for the carbon fiber energy accumulator to provide high internal pressure, but it is difficult for the accumulator to bear high external pressure, the pressure value is limited to be no more than 10MPa based on the system design, which is a main index of the system pressure experiment. The oil inlet of the hydraulic pump is connected to the energy accumulator. According to the above analysis, the maximum pressure of the oil inlet is smaller than the external water pressure, i.e., 10MPa. Special design should be taken into consideration for the oil let of the hydraulic pump and the related hydraulic pipeline so as to prevent it from being pressed and deformed. Generally, when the pump is working, the oil pressure of the oil inlet and the pressure borne by the pump housing approximately equal to the ambient pressure, and the pump housing cannot bear too big internal or external pressure. The energy accumulation type buoyancy regulating system has its special operating requirement for the hydraulic pump, which makes it impossible to use most conventional hydraulic pumps. Through analysis in theory, we find that the bi-directional gear pump with external oil drainage port is most suitable for this system. As shown in Fig. 3 , during operation, connect the oil drainage port of the pump to the high-pressure end of the oil outlet, and the internal pressure of the compensation pump and the external seawater pressure will be basically balanced. Besides, the bi-directional rotary pump can guarantee that both the oil inlet and oil outlet of the pump are resistant to high pressure. The valve box and motor-pump set are shown in Fig. 4 . Full of compensated oil resist external water pressure. A part of the power loss will be caused by the motor operating in the oil. Reducing the rotational speed of the motor or using low viscosity compensation oil can reduce the power loss of viscous friction.
Fig. 4 Valve box & motor-pump set
As for other elements of the system, such as throttle valve, switching valve, pressure sensor, motor and compensator, they should be selected according to above special operating requirements. The experimental prototype of energy accumulation type buoyancy regulating system is shown in Fig.5 , which includes: oil bag of external cabin, valve box, motor pump unit, energy accumulator and structural support. 
B. Pressure experiment
Pressure experiment of buoyancy regulating system is carried out and mainly aims to verify the working performance of the system and components under high pressure. The system indexes verified by the experiment include: a. The system operating pressure is 30MPa; b. The maximum external differential pressure of the system is not less than 10MPa.
When pressure experiment is carried out in the pressure tank, with the volume change of oil capsule, the water pressure in the pressure tank will also change, which does not exist in deep sea. Given this reason, the pressure experiment method and procedure is designed: a. Carry out pilot run for the system outside the tank to make sure that the function is normal, the volume of oil filled into the energy accumulator is 15L and the charge pressure is 24MPa;
b. Put the system into the pressure tank, and the internal pressure of the pressure tank will slowly increase to 36MPa;
c. Switch on the throttle valve circuit, and switch off it when the pressure of the energy accumulator and that of the pressure tank achieve a balance;
d. Switch on the oil line solenoid valve of the motor pump unit and start the motor pump unit. Discharge the oil inside the energy accumulator into the oil bag of the external cabin. The pressure of the oil bag of the external cabin will increase gradually, and the pressure of the energy accumulator will decline gradually. When the differential pressure exceeds 10MPa, switch off the motor pump unit and the solenoid valve; e. Repeat step c and d for several times;
f. The pressure inside the pressure tank gradually decreases to ambient pressure; g. After the buoyancy regulating system has been taken out from the tank, check its appearance and function to see whether it is normal and whether there is any water leakage or oil leakage.
The pressure experiment site is shown as Fig.6 . Put the whole experimental prototype into the pressure tank. Record system parameters and pressure values of pressure tank during the experiment for the analysis of experimental results. The results of pressure experiment are shown in Fig. 7 . The pressure rises from 0 to 50min, the buoyancy regulating system works from 50min to 119min, the pressure decreases from 119min to 137min. During the period when the buoyancy regulating system works, the pressure inside the pressure tank is around 30MPa, verifying that the index of system working pressure is 30MPa. From 100min to 119min, the pressure difference between the pressure tank (oil capsule) and the accumulator is around or more than 10MPa for three times (the marked part in the figure), verifying that the system is able to work when differential pressure is not less than 10MPa. 
IV. CONCLUSION
Considering the special operating requirements for buoyancy regulating of underwater vehicle, energy accumulation type buoyancy regulating system has been designed. High-pressure gas can be pre-charged by using the energy accumulator, and low energy consumption and big regulating variable of underwater buoyancy regulating have been realized. It carries out principle design for the system, and analyzes the working performance and reliability of different parts under special underwater working environment. Further, it builds the experimental prototype, carries out pressure experiment for the whole machine inside the pressure tank, and experiments the working performance of the system under high pressure. During the experiment, the pressure inside the pressure tank is about 30MPa, which corresponds to the performance index when the system is working at a depth of 3000m. The pressure inside the energy accumulator is smaller than the external pressure 10MPa for three times, indicating that the system is able to work normally under the maximum negative pressure 10MPa. It verifies the validity of the system principle design and analysis, and the buoyancy regulating system can meet the requirement of performance index. 
